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An imaging apparatus determines, based on a frame interval
associated with imaging of the object, the number of output
values to be measured, and inputs electric signals of a given
value to amplifiers to measure the determined number of
output values during a time after a readout circuit performs
a readout operation for the photoelectric conversion ele-
ments of one line and before the readout circuit performs a
readout operation for the photoelectric conversion elements
of the next one line, calculates a difference between the
measured output value and a predetermined reference value,
and corrects a measurement value of one line of the object
by increasing or decreasing the measurement value by the
difference.
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30 Claims, 11 Drawing Sheets
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1
IMAGING APPARATUS, CONTROL
METHOD THEREFOR, AND STORAGE
MEDIUM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an imaging apparatus and
a control method therefor and, more particularly, to a tech-
nique of reducing image artifacts upon imaging an object by
irradiating it with radiation.

2. Description of the Related Art

In recent years, in the field of digital X-ray imaging
apparatuses, a large-area flat panel type radiation imaging
apparatus of a non-scaled optical system using photoelectric
conversion elements has been widely used, instead of an
image intensifier, for the purpose of increasing the resolu-
tion, decreasing the volume, and suppressing image distor-
tion.

As a flat panel sensor of a non-scaled optical system
which is used for a radiation imaging apparatus, there is
available a large-area flat panel sensor formed by two-
dimensionally joining photoelectric conversion elements
formed on a silicon semiconductor wafer by a CMOS
semiconductor manufacturing process. Japanese Patent
Laid-Open No. 2002-026302 describes a method of manu-
facturing a large-area flat panel sensor by tiling a plurality of
rectangular semiconductor substrates which are strip-shaped
rectangular imaging elements obtained by cutting photoelec-
tric conversion elements from a silicon semiconductor
wafer. This method can obtain an imaging region for a
large-area flat panel sensor, which is equal to or larger than
the size of the silicon semiconductor wafer.

Japanese Patent Laid-Open No. 2002-344809 describes
the circuit arrangement of each strip-shaped rectangular
semiconductor substrate obtained by cutting photoelectric
conversion elements. On each strip-shaped rectangular
semiconductor substrate, two-dimensionally arrayed photo-
electric conversion elements and vertical and horizontal shift
registers as readout control circuits are arranged. External
terminals (electrode pads) are provided near the horizontal
shift register. Control signals and clock signals input from
the external terminals control the vertical and horizontal
shift registers on the rectangular semiconductor substrate to
sequentially output values of the respective pixel arrays
from the respective shift registers in synchronism with the
clock signals.

Japanese Patent Laid-Open No. 2002-345797 describes
an arrangement in which a sampling operation associated
with photoelectric conversion is simultaneously performed
for all pixels in a flat panel sensor formed by tiling a plurality
of rectangular semiconductor substrates. This arrangement
implements a collective electronic shutter and equalizes the
accumulation times of the respective pixels, thereby pre-
venting pixel value discontinuity that might be caused by the
tiling of the rectangular semiconductor substrates.

It is well known, however, that semiconductors such as
rectangular semiconductor substrates, A/D converters, and
differential amplifiers which form a flat panel sensor as
described above generally generate shot noise, thermal
noise, and 1/f (flicker) noise. Especially in a semiconductor
manufactured by a MOS process, 1/fnoise is predominant in
the low-frequency region. In the flat panel sensor formed by
tiling the plurality of rectangular semiconductor substrates,
1/f noise is superimposed on digital image data for each
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block A/D converted by an A/D converter. Therefore, block-
shaped artifacts occur in the captured image of the flat panel
sensor.

In, for example, a dark image which has undergone FPN
(fixed pattern noise) correction and has not been exposed to
radiation, if no 1/f noise occurs, a very flat image shown in
FIG. 11A is obtained. If, however, low-frequency 1/f noise
occurs in each of the rectangular semiconductor substrates,
differential amplifiers, and A/D converters, a block-shaped
artifact for each A/D converter appears, as shown in FIG.
11B. Especially, the radiation imaging apparatus needs a
wide dynamic range, and thus low noise is required for a
readout circuit used for the radiation imaging apparatus.

SUMMARY OF THE INVENTION

The present invention has been made in consideration of
the aforementioned problems, and provides a technique
capable of reducing artifacts caused by 1/f noise.

The present invention in its first aspect provides an
imaging apparatus including a radiation tube which irradi-
ates an object with radiation, a plurality of photoelectric
conversion elements which are arrayed in a matrix and each
of which detects an intensity of radiation that has been
transmitted through the object to output an electric signal
corresponding to the intensity, a readout circuit which reads
out the electric signals for each line of the matrix of
photoelectric conversion elements in synchronism with a
predetermined clock, amplifiers which amplify the read-out
electric signals and output the amplified electric signals as a
measurement value of the object, and a control unit which
determines, based on a frame interval associated with imag-
ing of the object, the number of output values to be mea-
sured, and inputs electric signals of a given value to the
amplifiers to measure the determined number of output
values during a time after the readout circuit performs a
readout operation for the photoelectric conversion elements
of one line and before the readout circuit performs a readout
operation for the photoelectric conversion elements of the
next line, calculates a difference between the measured
output value and a predetermined reference value, and
corrects a measurement value of one line of the object by
increasing or decreasing the measurement value by the
difference.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments (with reference to the attached drawings).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram schematically showing the
overall system of a radiation moving image capturing appa-
ratus;

FIG. 2 is a block diagram schematically showing the
internal arrangement of a rectangular semiconductor sub-
strate;

FIG. 3 is a timing chart showing an example of an image
readout procedure;

FIG. 4 is a circuit diagram schematically showing an
equivalent circuit for one pixel of the rectangular semicon-
ductor substrate;

FIG. 5 is a timing chart showing rectangular semicon-
ductor substrate control signals;

FIG. 6 is a flowchart illustrating a procedure of control-
ling the rectangular semiconductor substrate;
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FIGS. 7A and 7B are timing charts showing a sampling
operation when a moving image is captured by intermit-
tently irradiating an object with pulsed radiation;

FIG. 8 is a block diagram schematically showing part of
the arrangement of the radiation imaging apparatus;

FIG. 9 is a timing chart showing a sampling operation
when a moving image is captured by continuously irradiat-
ing an object with radiation;

FIG. 10 is a timing chart showing rectangular semicon-
ductor substrate control signals; and

FIGS. 11A and 11B are views each showing an example
of an image when 1/f noise occurs.

DESCRIPTION OF THE EMBODIMENTS

Embodiments of the present invention will be described in
detail below with reference to the accompanying drawings.

First Embodiment
Radiation Moving Image Capturing Apparatus

FIG. 1 is a block diagram schematically showing the
overall system of a large-area flat panel type radiation
moving image capturing apparatus. Reference numeral 100
denotes a radiation imaging apparatus; 101, a system control
apparatus (image processing apparatus); 102, an image
display apparatus; 103, an X-ray generating apparatus; and
104, an X-ray tube (radiation tube). In an imaging operation,
the system control apparatus 101 synchronously controls the
radiation imaging apparatus 100 and X-ray generating appa-
ratus 103. If the X-ray tube 104 irradiates an object (not
shown) with X-rays (radiation) under the control of the
X-ray generating apparatus 103, the X-rays pass through the
object to reach the radiation imaging apparatus 100. In the
radiation imaging apparatus 100, a scintillator (not shown)
converts the radiation that has been transmitted through the
object into visible light, which after photoelectric conver-
sion according to the amount of light detected, is represented
by a signal, which undergoes A/D conversion. The radiation
imaging apparatus 100 transfers frame image data corre-
sponding to the X-ray irradiation to the system control
apparatus 101. After image processing, the image display
apparatus 102 displays a radiation image in real time.

In the radiation imaging apparatus 100, reference numeral
106 denotes a flat panel sensor. In the example shown in
FIG. 1, the flat panel sensor 106 is formed by tiling, on a flat
base (not shown) in a matrix of 14 columnsx2 rows, a
plurality of strip-shaped rectangular semiconductor sub-
strates 107 obtained by two-dimensionally cutting photo-
electric conversion elements from a silicon semiconductor
wafer. The photoelectric conversion element detects the
intensity of radiation having been transmitted through an
object, and outputs an electric signal corresponding to the
intensity. A plurality of photoelectric conversion elements
are arranged on the rectangular semiconductor substrate 107
in a matrix. The external terminals (electrode pads) (not
shown) of the rectangular semiconductor substrates 107
arrayed in a matrix are arrayed in a line on each of the upper
and lower side portions of the flat panel sensor 106. The
electrode pads of the rectangular semiconductor substrates
107 are connected to external circuits through flying lead
type printed circuit boards (not shown). Reference numerals
131 to 138 denote analog multiplexers which select pixel
outputs from the connected rectangular semiconductor sub-
strates according to control signals from an imaging unit
control unit 108, and output the selected outputs to con-
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nected differential amplifiers 141 to 148, respectively. The
differential amplifiers 141 to 148 respectively amplify and
output the input electric signals (voltages in this embodi-
ment). Reference numerals 151 to 158 denote A/D convert-
ers, each of which convert an analog signal from a corre-
sponding one of the connected differential amplifiers 141 to
148 into a digital signal according to a synchronization clock
output from the imaging unit control unit 108, and outputs
the digital signal to the imaging unit control unit 108. The
imaging unit control unit combines digital image data in
each block, which have undergone A/D conversion by the
A/D converters 151 to 158, into frame data, and transfers it
to the system control apparatus 101. In this way, the electric
signals output from the differential amplifiers 141 to 148 are
output as measurement values of the captured image of the
object.

Each of the strip-shaped rectangular semiconductor sub-
strates 107 has a width of about 20 mm and a length of about
140 mm. The flat panel sensor 106 formed by tiling the
substrates in a matrix of 14 columnsx2 rows has a length of
about 280 mm and a width of about 280 mm, that is, has a
square shape with a side of about 11 inches. Note that the
size of each rectangular semiconductor substrate 107, the
number of rectangular semiconductor substrates 107, and
the size of the flat panel sensor 106 are not limited to them.

(General Sampling Operation)

A general procedure of reading out an image using the
aforementioned arrangement will be described with refer-
ence to FIGS. 2 and 3. FIG. 2 is a block diagram schemati-
cally showing the internal arrangement of the rectangular
semiconductor substrate 107. FIG. 3 is a timing chart
showing an example of a procedure of reading out an image
from the flat panel sensor 106 formed by tiling the rectan-
gular semiconductor substrates 107.

Referring to FIG. 2, pixel circuits 201 including two-
dimensionally arrayed photoelectric conversion elements,
and a vertical shift register 202 and horizontal shift register
203 as readout control circuits are arranged on the rectan-
gular semiconductor substrate 107. A horizontal shift regis-
ter start signal HST, a vertical shift register start signal VST,
a horizontal shift clock signal CLKH, and a vertical shift
clock signal CLKYV are input from the external terminals.

Referring to FIG. 3, when the signal CLKV rises while the
signal VST is in the “H” state, the internal circuit of the
vertical shift register 202 is reset. A signal in the “H” state
is then output as an output VO of the vertical shift register
202 to enable pixel outputs of one line controlled by a row
control signal 204. When the signal CLKH rises while the
signal HST is in the “H” state, the internal circuit of the
horizontal shift register 203 is reset and a signal in the “H”
state is then output as an output HO of the horizontal shift
register 203. The output of the pixel circuit 201 selected by
the output HO among the pixels of the one line enabled by
the row control signal 204 is output to the analog output
terminal. CLKH pulses are sequentially input to the hori-
zontal shift register 203 to sequentially shift the output “H”
to HO, H1, . . ., H126, and H127, thereby completing a
readout operation of the pixels of one line corresponding to
V0. The vertical shift clock signal CLKYV is then input to the
vertical shift register 202 to switch the output in the “H”
state to V1. After that, a readout operation is performed for
the pixels of one line corresponding to V1. These operations
are sequentially repeated to perform a readout operation for
all the pixels of the rectangular semiconductor substrate 107.
In this way, readout processing of reading out the electric
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signals for each line of the matrix of the photoelectric
conversion elements is executed in synchronism with a
predetermined clock.

Since the pixel outputs of the rectangular semiconductor
substrate 107 are sequentially output to the external analog
output terminals in synchronism with the clock signal
CLKH, the A/D converter performs A/D conversion accord-
ing to an A/D conversion clock CLKAD synchronous with
the clock signal CLKH.

FIG. 4 is a circuit diagram showing one pixel on the tiled
rectangular semiconductor substrate 107. Referring to FIG.
4, reference numerals 301, 303, 304, 306, 307, and 313
denote switching MOS transistors (to be simply referred to
as “switches” hereinafter). A reset voltage VRES is applied
to the switch 301 to reset a photodiode unit 302 and a
floating diffusion capacitor (capacitor) 310. The switch 303
activates a MOS transistor 314 functioning as a floating
diffusion amplifier. The switch 313 activates a MOS tran-
sistor 315 functioning as a source follower amplifier. The
switch 304 is combined with a clamp capacitor (capacitor)
305 to form a clamp circuit, which can remove kTC noise
(reset noise) generated by the photodiode unit 302. The
switch 306 samples and holds a signal voltage correspond-
ing to the amount of light. The switch 307 samples and holds
a clamp voltage VCL.

When the switch 306 is turned on, a capacitor 308
accumulates electric charges. When the switch 307 is turned
on, a capacitor 309 accumulates electric charges. The
capacitor 309 accumulates the electric charges of the clamp
voltage VCL, that is, noise and dark current components.
The capacitor 308 accumulates electric charges obtained by
adding the noise and dark current components to the voltage
of the photodiode unit 302. That is, subtracting the electric
charges accumulated in the capacitor 308 from those accu-
mulated in the capacitor 309 yields a voltage corresponding
to the amount of light from the photodiode unit 302. Each of
the differential amplifiers 141 to 148 shown in FIG. 1
performs this subtraction operation.

The pixel value data obtained from the rectangular semi-
conductor substrate 107 contains the noise components of
the photodiode unit 302 which cannot be removed by
subtracting the electric charges accumulated in the capacitor
309 from those accumulated in the capacitor 308. For this
reason, such pixel value data is corrected by an FPN image
using, as fixed pattern noise (FPN), pixel value data imaged
without irradiation of radiation.

A sampling operation when a moving image is captured
by intermittently irradiating an object with pulsed radiation
will be described with reference to FIGS. 4 and 5. When a
synchronization signal SYNC is input from the system
control apparatus 101 at a time t1, in order to start accumu-
lation of radiation, the system control apparatus 101 turns on
the switches 303 and 313 to activate the pixel circuit on the
sensor chip at a time t2. At the same time, a signal PRES is
set at high level to turn on the switch 301, and the reset
voltage VRES is applied to the floating diffusion capacitor
310, thereby resetting the sensor. The interval at which the
synchronization signal SYNC is input corresponds to an
imaging interval FT of a moving image.

After the reset state is cancelled by turning off the switch
301 at a time t3, a signal PCL is set at high level to turn on
the switch 304, and then the clamp voltage VCL is applied
to the capacitor 305. At a time t4, the switches 304 and 301
are turned off to terminate a pixel reset operation and start
accumulation of the photodiode unit 302, thereby causing
the radiation imaging apparatus 100 to detect exposure to
radiation.
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The object is irradiated with pulsed radiation for a pre-
determined period of time. Therefore, to minimize the
influence of noise components of the photodiode unit 302,
accumulation is terminated when a time corresponding to
the irradiation time elapses. At a time t5, a signal EN is set
at high level to turn on the switches 303 and 313, thereby
activating the pixel circuit on the sensor chip. At the same
time, the switch 306 is turned on to cause the capacitor 308
to sample and hold the voltage of the photodiode unit 302.
At a time t6, the switch 306 is turned off to terminate
sampling and holding, thereby disabling exposure to radia-
tion. After that, the switch 301 is turned on to apply the reset
voltage VRES to the floating diffusion capacitor 310,
thereby resetting the sensor. At a time t7, the switch 301 is
turned off and the switch 304 is then turned on, thereby
applying the clamp voltage VCL to the capacitor 305. Then,
the switch 307 is turned on to cause the capacitor 309 to
sample and hold the clamp voltage VCL.

At a time t8, all of the switches 307, 304, 303, and 313 are
turned off, thereby terminating sampling and holding. The
voltages sampled and held by the capacitors 308 and 309 are
sequentially output to the outside by scanning the vertical
and horizontal shift registers.

Although it is possible to change these driving timings
according to settings, the set driving operation is repeated
during an imaging operation to simplify control. That is,
upon detecting the synchronization signal SYNC again at a
time 19, the switch 303 is turned on to activate the pixel
circuit on the sensor chip at a time t10, thereby repeating the
above operation.

Similarly to the arrangement described in Japanese Patent
Laid-Open No. 2002-345797, simultaneously performing
the above sampling operation for all pixels implements a
collective electronic shutter and equalizes the accumulation
times of the respective pixels, thereby preventing pixel value
discontinuity caused by tiling of the rectangular semicon-
ductor substrates. The sampled and held voltages are read
out as analog signals by scanning the horizontal and vertical
shift registers for each rectangular semiconductor substrate.
The A/D converter converts the analog signal into a digital
signal to generate a digital image signal. Performing scan-
ning during exposure to radiation can cope with a high frame
rate when capturing a moving image because it is possible
to perform accumulation of radiation and scanning at the
same timing.

(Sampling Operation)

As described above, however, the aforementioned general
image sampling operation cannot process block-shaped arti-
facts caused by 1/f noise (flicker noise) generated by the
semiconductors forming the radiation imaging apparatus
100. To solve this problem, in this embodiment, before
imaging an object, the outputs of the differential amplifiers
141 to 148 when reference voltage signals are input to the
amplifiers are obtained in advance. A captured image is then
corrected with the differences between the obtained outputs
and outputs when the reference voltage signal is input to the
amplifiers. Note that since the 1/f noise changes with time,
it is necessary to correct measurement values based on
samples measured at a timing near the image obtaining
timing. In this embodiment, offset sampling is performed for
each line during a time which is included in the imaging
interval but is actually unnecessary for an imaging opera-
tion. According to this embodiment, this operation can
effectively and efficiently reduce the 1/f noise.

More specifically, to perform offset sampling in a circuit
from a circuit outside the sensor, that is, a multiplexer up to
the control unit through the differential amplifier and A/D
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converter, switching processing in the multiplexer is
required. In this embodiment, since it is possible to perform
this switching processing during a blanking period, there is
almost no influence or a very small influence on a delay in
a readout operation due to the switching processing. If, for
example, offset sampling is performed for each pixel, a
correction value can be obtained at high accuracy while the
switching processing has an influence on a readout time. The
aforementioned offset sampling processing for each line
according to the embodiment can efficiently suppress the
influence of noise while suppressing a delay in readout time.

A sampling operation when a moving image is captured
by intermittently irradiating an object with pulsed radiation
will be described below with reference to FIGS. 4 and 6 to
8.

In steps S1 to S6 of FIG. 6, processing of generating a
target value for offset correction by performing exposure to
radiation while no object exists is executed. If an imaging
operation is performed in one imaging mode, the processing
in steps S1 to S6 need only be executed once before imaging
an object and need not be executed every time an object is
imaged.

In step S1 of FIG. 6, the radiation imaging apparatus 100
starts an operation in an imaging mode set by the system
control apparatus 101. This imaging mode includes a frame
rate indicating an imaging interval, an accumulation time for
accumulating radiation, and size information of an output
image.

In step S2, a dead time (dead time TS) during an imaging
cycle is calculated based on the set imaging mode. The dead
time TS indicates a time during which processing necessary
for an imaging operation is not performed but which is
included in the imaging interval. Referring to FIG. 5, the
dead time TS corresponds to the time from the time t9 to the
time t10. In FIG. 7A, for example, the dead time TS can be
calculated by subtracting, from the imaging interval FT,

the time from the time t2 to the time t4 for a reset

operation,

an exposure time XT for accumulating radiation,

the time from the time t6 to the time t8 for sampling pixel

data in the sensor chip, and

(the number of pixel data to be sampled by the differential

amplifiers 141 to 148)x(a clock cycle TAD input to the
A/D converters).

In step S3, it is determined whether the dead time TS is
longer than a predetermined time TA, thereby checking
whether offset correction data can be sampled. If the time TS
is not longer than the time TA, that is, it is impossible to have
the predetermined time TA within the imaging interval (NO
in step S3), a short imaging interval (high frame rate) is
determined, and the process advances to step S7. In this
case, offset data is not sampled, and offsets occurring in the
image are not corrected. However, the imaging interval is
short, the image is displayed at high speed, and thus image
artifacts are not so noticeable. This is because the 1/f noise
has a characteristic that its power is inversely proportional to
the frequency.

If the time TS is longer than the time TA (YES in step S3),
the process advances to step S4. In step S4, the calculated
time TS is divided by the number (896 in the example of
FIG. 2) of lines in the vertical direction determined based on
the image size, thereby calculating the time TN for sampling
the offset data for one line. In step S5, the calculated
sampling time TN for one line is divided by the clock cycle
input to the A/D converters. Based on the division result, the
number N of offset data to be sampled for one line is
determined. In the following description, the number N of
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data to be sampled for one line is set to the value obtained
by dividing the time TN by the clock cycle. However, a
value smaller than the result of the division operation may
be set as the number N of sampling data.

In step S6, a data generation operation for setting a target
value in offset correction is performed before an imaging
operation. Note that in this embodiment, a target value for
offset correction is generated while no exposure to radiation
is performed. As will be described in the second embodi-
ment, it is also possible to generate a target value while
exposure to radiation is performed. The data generation
operation will be described with reference to FIG. 8. FIG. 8
is a schematic block diagram showing an example of the
arrangement of the radiation imaging apparatus to which an
offset correction circuit has been added. Referring to FIG. 8,
an offset correction circuit formed by multiplexers 421 to
428, D/A converters 411 to 418, and amplifiers 401 to 408
is added to the arrangement of the radiation imaging appa-
ratus 100 shown in FIG. 1.

As described above with reference to FIG. 2, the radiation
imaging apparatus 100 includes a plurality of blocks each
including:

the multiplexers 131 to 138, each of which outputs one of

the output signals of the rectangular semiconductor
substrates 107 based on an instruction from the imaging
unit control unit 108;

the differential amplifiers 141 to 148; and

the A/D converter 151 to 158.

In each block, each of the multiplexers 421 to 428 selects
one of the output signal of a corresponding one of the
multiplexers 131 to 138 and a reference voltage signal Vref
as a predetermined voltage. Each of the D/A converters 411
to 418 converts offset correction data calculated by the
imaging unit control unit 108 into an analog signal, and a
corresponding one of the amplifiers 401 to 408 amplifies the
analog signal.

Note that although FIG. 8 shows a circuit in which blocks
each formed by the multiplexer, D/A converter, amplifier,
and the like are arrayed in the vertical direction in order to
readily identify the flat panel sensor 106, the blocks are
actually arrayed, as shown in FIG. 1.

To generate a target value for offset correction, the imag-
ing unit control unit 108 controls each of the multiplexers
421 to 428 to output the reference voltage signal Vref. When
each of the multiplexers 421 to 428 starts to output the
reference voltage signal Vref, the imaging unit control unit
108 samples the number N of data output from each of the
A/D converters 151 to 158, which has been calculated in
step S5. For each of the A/D converters 151 to 158, the sum
2DTn of the N target value data DTn is calculated.

The values of the sampled data vary due to noise occur-
ring in the multiplexers 421 to 428, the differential ampli-
fiers 141 to 148, and the A/D converters 151 to 158. It is
known that the accuracy of an average value statistically
improves as the number of sampling data increases. There-
fore, the number of data to be sampled may be determined
to be an integer (M) multiple of N, and a target value may
be obtained by dividing the total value by M.

In steps S7 to S9, according to a procedure similar to the
general sampling operation, exposure to radiation, photo-
electric conversion, and accumulation and holding of elec-
tric charges are performed. In step S7, a synchronization
signal for the first image input from the system control
apparatus 101 is detected. When the first synchronization
signal SYNC is input from the system control apparatus 101
at the time t1 in FIG. 7A, the switches 303 and 313 shown
in FIG. 4 are turned on at the time t1 to activate the pixel
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circuit on the sensor chip, thereby starting accumulation of
radiation. At the same time, the signal PRES is set at high
level to turn on the switch 301. Furthermore, the reset
voltage VRES is applied to the photodiode unit 302 and
floating diffusion capacitor 310 to reset the sensor (step S8).

After the reset state is cancelled by turning off the switch
301 at the time t3, the signal PCL is set at high level to turn
on the switch 304, and then the clamp voltage VCL is
applied to the clamp capacitor (capacitor) 305. At the time
t4, the switches 304 and 301 are turned off to terminate a
pixel reset operation. This processing starts accumulation of
the photodiode unit 302, and causes the radiation imaging
apparatus 100 to detect exposure to radiation.

The object is irradiated with pulsed radiation for a pre-
determined period of time. Therefore, to terminate accumu-
lation when a time corresponding to the irradiation time
elapses, the signal EN is set at high level at the time t5. The
switches 303 and 313 are then turned on and the pixel circuit
on the sensor chip is activated. At the same time, the switch
306 is turned on to cause the capacitor 308 to sample and
hold the voltage of the photodiode unit 302. At the time t6,
the switch 306 is turned off to terminate sampling and
holding, thereby disabling exposure to radiation. After that,
the switch 301 is turned on to apply the reset voltage VRES
to the floating diffusion capacitor 310, thereby resetting the
sensor. After the switch 301 is turned off at the time t7, the
switch 304 is turned on to apply the clamp voltage VCL to
the capacitor 305. Next, the switch 307 is turned on to cause
the capacitor 309 to sample and hold the clamp voltage
VCL. At the time t8, the switches 307, 304, 303, and 313 are
turned off, thereby terminating sampling and holding (step
S9).

In steps S10 to S15, data for offset correction are obtained
while sequentially outputting, to the outside, the voltages
sampled and held by the capacitors 308 and 309 by scanning
the vertical and horizontal shift registers. This operation will
be described with reference to FIGS. 6 and 7. FIG. 7B
shows, in detail, the operation from the time t8 to the time
t9 shown in FIG. 7A.

In step S10 of FIG. 6, the imaging unit control unit 108
sets a signal SEL in the “H” state, and selects the reference
voltage signal Vref as the input of each of the multiplexers
421 to 428. Selecting the reference voltage signal Vref
makes it possible to measure, as an offset from the target
value, the 1/f noise occurring in the multiplexers 421 to 428,
differential amplifiers 141 to 148, and A/D converters 151 to
158.

The process advances to step S11, in which the predeter-
mined number N of output data DOn of each of the A/D
converters 151 to 158 are sampled and the sum=2DOn is
obtained. In step S12 of FIG. 6, the imaging unit control unit
108 subtracts 2DOn from the sum ZDTn of the target values
obtained in step S6, and divides the obtained value by the
number N of sampling data, thereby obtaining a correction
value. The obtained correction value indicates an offset from
the target value, and the imaging unit control unit 108
outputs the obtained correction value to a corresponding one
of the D/A converters 411 to 418. The output correction
value is digital data, and each of the D/A converters 411 to
418 converts the digital data into an analog signal, which
then undergoes predetermined analog signal processing via
a corresponding one of the amplifiers 401 to 408. The output
signal of each of the amplifiers 401 to 408 is added to the
output signal of a corresponding one of the multiplexers 421
to 428 by a corresponding one of addition circuits 431 to
438, thereby correcting an offset. If, for example, 1/f noise
occurs and an offset becomes larger, the measurement value
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2DOn becomes larger with respect to the target value 2DTn
and thus the result in step S12 becomes negative, reducing
the offset to be superimposed on the output signal of each of
the multiplexers 421 to 428.

The imaging unit control unit 108 sets the signal SEL in
the “L” state to select the multiplexers 131 to 138. Because
the current line is the first line, the signal VST is set in the
“H” state in FIG. 7B, thereby causing the signal CLKV to
rise in step S13. When the signal CLKV rises, the internal
circuit of the vertical shift register 202 shown in FIG. 2 is
reset. “H” is output as the output VO of the vertical shift
register 202 to select one line to be controlled by the row
control signal 204, thereby enabling pixel outputs corre-
sponding to the one line. When the signal CLKH rises while
the signal HST is in the “H” state, the internal circuit of the
horizontal shift register 203 is reset and “H” is output as the
output HO of the horizontal shift register 203. The output of
the pixel circuit 201 selected by the output HO among the
pixels of the one line enabled by the row control signal 204
is output to the analog output terminal. CLKH pulses are
sequentially input to the horizontal shift register 203 to
sequentially shift the output “H” to HO, H1, . . ., H126, and
H127, thereby completing a readout operation for the one
line. In step S14, the imaging unit control unit 108 sequen-
tially sets signals CS0 to CS3 in the “H” state as shown in
FIG. 7B to switch between the outputs of the rectangular
semiconductor substrates 107 connected to the multiplexers
131 to 138, thereby performing an operation of reading out
pixel data.

In step S15 of FIG. 6, the imaging unit control unit 108
determines whether the current line is the last line. If the
current line is the last line, the process advances to step S16.
In this example, since the current line is the first line, the
process advances to step S10 to start an offset correction
operation for the next line. These operations are sequentially
repeated to read out the pixels of the rectangular semicon-
ductor substrate 107. In step S16, it is determined whether
the imaging operation is to be terminated. If it is determined
that the imaging operation is not to be terminated, the
process advances to step S10 and an imaging operation for
a next image is performed; otherwise, the process advances
to step S17 and the imaging operation is terminated. The
readout operation is conventionally completed at the time t9,
as shown in FIG. 7A. However, the aforementioned opera-
tions complete the operation of reading out all the pixel data
at the time t10 by using the dead time from the time t9 to the
time t10 as a time for sampling the data for offset correction
for each line.

As described above, in this embodiment, an electric signal
of'a given value is input to each of the differential amplifiers
141 to 148 to measure an output value during a time after a
readout operation is performed for the photoelectric conver-
sion elements of one line and before a readout operation is
performed for the photoelectric conversion elements of the
next line. The difference between the measured output value
and the target value (reference value) obtained in step S6 is
calculated, and each measurement value of one line of the
object is corrected by increasing or decreasing it by the
calculated difference. According to this embodiment, there-
fore, it is possible to effectively reduce the influence of the
1/f noise for each line.

Furthermore, in this embodiment, a plurality of sampling
operations are performed for each line, and correction is
performed using the average value of the sampling results,
thereby achieving image correction at high accuracy. In this
embodiment, the number of output values to be measured is
determined based on the time (dead time) unnecessary for
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imaging an object, which is included in the frame interval
associated with imaging of the object, and the number of
lines of the matrix of the photoelectric conversion elements.
As described above, in this embodiment, offset sampling is
performed for each line during the time which is included in
the imaging interval but is actually unnecessary for an
imaging operation, thereby efficiently reducing the 1/f noise
at high accuracy.

In the arrangement shown in FIG. 1, for example, the
number of pixels of the rectangular semiconductor substrate
107 is 128x896=114688 and the horizontal shift clock signal
CLKH has a frequency of 20 MHz. In the arrangement
shown in FIG. 1, three or four rectangular semiconductor
substrates 107 are connected to each of the analog multi-
plexers 131 to 138, and thus a readout time TR is a time
required to scan four rectangular semiconductor substrates
107. Therefore, the time TR is given by:

TR=114688x1/20Mx4=about 23 ms

If the frame rate is 15 FPS, the imaging interval FT is given
by:

FT=1/15=66.7 ms

If the accumulation time XT of a radiation signal is 16 ms,
the time from the time t1 to the time t4 is 1 ms, and the time
from the time t6 to the time t8 is 1 ms, then

XT+TR=16 ms+1 ms+1 ms+23 ms=41 ms<FT 66.7
ms

The dead time from the time t9 to the time t10 is thus 66.7
ms-41 ms=25.7 ms.

The time for sampling data for offset correction for one
line is obtained by dividing the dead time by the number of
lines which is 896, given by:

25.7 ms+896 lines=0.029 ms

Assume that the clock of the A/D converter has a frequency
of 20 MHz. In this case, the cycle is 50 ns. Therefore, the
number of data which can be sampled within the above data
sampling time is about 580. If the frame rate is 10 FPS, the
number of data which can be sampled for each line is about
1300.

As described above, as the frame rate decreases, the
number of data can be increased, thereby statistically
improving the accuracy of the average value. Increasing the
accuracy of correction data can further reduce artifacts,
thereby outputting a high-quality radiation image.

To obtain an offset correction value, ZDTn-2D is divided
by N to output an average value as a correction value.
However, each of the amplifiers 401 to 408 may have a gain
of 1/N to calculate an average. With this arrangement, a
resolution below that of the A/D converters 151 to 158 is
obtained, thereby allowing correction at higher accuracy.

In addition, in this embodiment, each of the multiplexers
131 to 138 sequentially selects the three or four rectangular
semiconductor substrates 107. However, one differential
amplifier, one A/D converter, and one offset correction
circuit may be provided for one rectangular semiconductor
substrate 107. With this arrangement, it is possible to reduce
1/f noise even in a moving image with a high frame rate.

Second Embodiment

In the first embodiment, the sampling operation when a
moving image is captured by intermittently irradiating an
object with pulsed radiation has been described. A similar
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method is applicable to a case in which a moving image is
captured by continuously irradiating an object with radia-
tion.

FIG. 9 is a timing chart when a moving image is captured
by continuously irradiating an object with radiation. Refer-
ring to FIG. 9, the operation from the time t2 to the time t5
in FIG. 7A when a moving image is captured by intermit-
tently irradiating an object with pulsed radiation, that is, the
operation from when the sensor is reset until sampling starts
is not performed, and the operation from the time t5 to the
time t10 is repeated to continuously capture an image. For
a given imaging interval, therefore, it is possible to largely
increase the number N of sampling data for measuring an
offset, as compared with the case in which a moving image
is captured by intermittently irradiating an object with
pulsed radiation. It is also possible to reduce artifacts.

Third Embodiment

In the aforementioned first embodiment, each of the
multiplexers 421 to 428 selects the reference voltage signal
in measuring the target value and offset. To the contrary,
each of multiplexers 421 to 428 may select a corresponding
one of multiplexers 131 to 138 in measuring a target value
and offset, and calculate a correction value based on the
output values of rectangular semiconductor substrates 107.
The rectangular semiconductor substrate 107 according to
this embodiment has a so-called optical black portion. The
optical black portion is formed by a pixel without sensitivity
to input radiation or a group of such pixels. The optical black
portion is formed by depositing, onto the incident surface of
the rectangular semiconductor substrate 107, a material such
as aluminum which blocks visible light. A fluorescent mate-
rial is then deposited onto the aluminum. This prevents
visible light from being transmitted through aluminum even
if the radiation is converted into visible light by the fluo-
rescent material, and thus the light does not reach pixels
under the aluminum. Note that the fluorescent material need
not be deposited. Forming the optical black portion in a
peripheral portion of a sensor, for example, in a region
including the first pixel of each line increases the manufac-
turing efficiency.

More specifically, as shown in FIG. 10, after a signal
CLKYV rises, signals CS0 and HST are set at high level for
a time longer by a sampling time, and a predetermined
number of pixel data of the pixels included in the optical
black portion, for example, the first pixels of the respective
lines of the sensor are sampled, thereby correcting an offset.
Since the pixels output values independent of input radia-
tion, the values serve as the reference potential according to
the aforementioned embodiment. In this case, data of each
line which have been sampled as target values are stored in
a memory (not shown) for each line. The data are read out
from the memory (not shown) for each line to calculate a
correction value. This makes it possible to perform mea-
surement including an offset due to 1/f noise occurring in the
rectangular semiconductor substrate 107, and to reduce
artifacts.

As described above, in each embodiment of the present
invention, the number of sampling data for correcting an
offset is determined based on an imaging interval which is
determined based on an imaging mode. It is, therefore,
possible to generate an image with reduced artifacts due to
1/f noise occurring in various semiconductors by effectively
using the time during an imaging operation.

OTHER EMBODIMENTS

Aspects of the present invention can also be realized by a
computer of a system or apparatus (or devices such as a CPU
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or MPU) that reads out and executes a program recorded on
a memory device to perform the functions of the above-
described embodiment(s), and by a method, the steps of
which are performed by a computer of a system or apparatus
by, for example, reading out and executing a program
recorded on a memory device to perform the functions of the
above-described embodiment(s). For this purpose, the pro-
gram is provided to the computer for example via a network
or from a recording medium of various types serving as the
memory device (e.g., computer-readable medium).

While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2012-170378, filed on Jul. 31, 2012 which
is hereby incorporated by reference herein in its entirety.

What is claimed is:

1. An imaging apparatus for imaging an object based on
X-rays that are irradiated from an X-ray tube and pass
through the object, comprising:

a plurality of pixel circuits which are arranged in a matrix
and each of which outputs an analog signal correspond-
ing to a received X-ray;

a readout control circuit which controls a readout pro-
cessing for reading out the analog signal for each line
from the plurality of pixel circuits;

a value-output circuit which outputs a measurement value
corresponding to the analog signal or an analog refer-
ence value corresponding to a reference signal; and

a correction circuit which applies an analog correction
value signal for modifying the analog signal, derived
from a predetermined reference value and a reference
value which is outputted from the value-output circuit,
corresponding to the analog reference signal during the
period from a time at which the readout control circuit
processes the readout processing for the plurality of
pixel circuits for a certain line, to a time at which the
readout control circuit processes the readout processing
for the plurality of pixel circuits for a different line, to
the value-output circuit as a signal to serve as the
correction-value signal.

2. The apparatus according to claim 1, wherein each of the
plurality of pixel circuits comprises a photodiode unit, a
switch and a capacitor which sample and hold the analog
signal corresponding to a voltage of the photodiode unit
corresponding to the received X-ray.

3. The apparatus according to claim 2, wherein the
value-output circuit outputs the reference value and the
predetermined reference value during the time from the
readout control circuit processes the readout processing for
the plurality of pixel circuits for a certain line to the readout
control circuit processes the readout processing for the
plurality of pixel circuits for a different line, and wherein the
correction circuit calculates the analog correction value
signal based on a difference between an average value of the
plurality of the reference values and the predetermined
reference value.

4. The apparatus according to claim 2, further comprising
a control unit which controls the value-output circuit and the
correction circuit.

5. The apparatus according to claim 4, wherein the control
unit determines the number of the reference values which
the value-output circuit outputs, based on a frame interval
associated with imaging of the object.
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6. The apparatus according to claim 5, wherein the control
unit determines the number of the reference values which
said value-output circuit outputs, based on a time period
which is included in the frame interval associated with
imaging of the object, and is unnecessary for imaging the
object and the number of the lines of the plurality of pixel
circuits.

7. The apparatus according to claim 6, wherein each of the
plurality of pixel circuits comprises a resetting switch for
resetting the photodiode unit, and wherein the control unit
calculates the unnecessary time period by subtracting a time
period for resetting in the resetting switch, a time period
during which the X-ray is irradiated, a time period for the
readout processing and a time period for the sample and
hold, from the frame interval.

8. The apparatus according to claim 4, wherein the control
unit controls the value-output circuit so that the value-output
circuit outputs the predetermined reference value in advance
before imaging the object.

9. The apparatus according to claim 1, wherein the
value-output circuit comprises an A/D converter, and the
value-output circuit outputs the measurement value which is
A/D converted based on the analog signal or the reference
value which is A/D converted based on the analog reference
signal, and wherein the correction circuit comprises a D/A
converter, and the correction circuit applies the correction
value which is obtained from the predetermined reference
value and the reference value and D/A converted, to an input
of the A/D converter of the value-output circuit.

10. The apparatus according to claim 9, wherein said
circuit comprises a plurality of the A/D converters, and
wherein the correction circuit comprises a plurality of said
D/A converters corresponding to respective ones of the A/D
converters.

11. The apparatus according to claim 10, wherein the
plurality of the pixel circuits are arranged over a plurality of
semiconductor substrates, and wherein the plurality of the
A/D converters are arranged corresponding to the plurality
of the semiconductor substrates.

12. The apparatus according to claim 1, further compris-
ing the X-ray tube.

13. The apparatus according to claim 1, wherein the
value-output circuit comprises an amplifier and an A/D
converter, and wherein the value-output circuit amplifies the
analog signal and the analog reference signal, and wherein
the value-output circuit outputs the measurement value
which is A/D converted based on the amplified analog signal
provided by the amplifier or based on the reference value
which is A/D converted based on the amplified analog signal
provided by the amplifier, and

wherein the correction circuit comprises a D/A converter,

and wherein the correction circuit applies the analog
correction value signal which is obtained based on the
reference value and the predetermined reference value
and D/A converted, to an input of the amplifier.

14. The apparatus according to claim 13, wherein the
value-output circuit comprises a plurality of the amplifiers
and a plurality of the A/D converters, and

wherein the correction circuit comprises a plurality of the

D/A converters corresponding to respective ones of the
plurality of A/D converters.

15. The apparatus according to claim 14, wherein the
plurality of pixel circuits are arranged over a plurality of
semiconductor substrates, and

wherein the plurality of amplifiers and the plurality of

A/D converters are arranged corresponding to respec-
tive ones of the plurality of semiconductor substrates.
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16. An imaging apparatus for imaging an object based on
X-rays that are irradiated from an X-ray tube and pass
through the object, comprising:

a plurality of pixel circuits which are arranged in a matrix
and each of which outputs an analog signal correspond-
ing to a received X-ray;

a readout control circuit which controls a readout pro-
cessing for reading out the analog signal for each line
from the plurality of pixel circuits;

a value-output circuit, comprising an A/D converter,
which outputs a digital measurement value which is
A/D converted based on the analog signal or a digital
reference value which is A/D converted based on the
analog reference signal; and

a correction circuit which applies an analog correction
value signal, for modifying the analog signal, derived
from a predetermined digital reference value and a
digital reference value which is outputted from the
value-output circuit, corresponding to the analog ref-
erence signal during the period from a time at which the
readout control circuit processes the readout processing
for the plurality of pixel circuits for a certain line, to a
time at which the readout control circuit processes the
readout processing for the plurality of pixel circuits for
a different next line, to an input of the A/D converter.

17. The apparatus according to claim 16, wherein each of
the plurality of pixel circuits comprises a photodiode unit, a
switch and a capacitor which sample and holds the analog
signal corresponding to a voltage of the photodiode unit
corresponding to the received X-ray.

18. The apparatus according to claim 17, wherein the
value-output circuit outputs a plurality of the digital refer-
ence values during the time from when the readout control
circuit processes the readout processing for the plurality of
pixel circuits for a certain line to when the readout control
circuit processes the readout processing for the plurality of
pixel circuits for a next line, and wherein the correction
circuit calculates the analog correction value signal based on
a difference between an average value of the plurality of the
digital reference values and the predetermined digital refer-
ence value.

19. The apparatus according to claim 17, further com-
prising a control unit which controls the value-output circuit
and the correction circuit.

20. The apparatus according to claim 19, wherein the
control unit determines the number of the digital reference
values which the value-output circuit outputs, based on a
frame interval associated with imaging of the object.

21. The apparatus according to claim 20, wherein the
control unit determines the number of the digital reference
values which the value-output circuit outputs, based on a
time period which is included in the frame interval associ-
ated with imaging of the object, and is unnecessary for
imaging the object, and the number of the lines of the
plurality of the pixel circuits.

22. The apparatus according to claim 21, wherein each of
the plurality of pixel circuits comprises a resetting switch for
resetting the photodiode unit, and wherein the control unit
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calculates the unnecessary time period by subtracting a time
period for resetting in the resetting switch, a time period
during which the X-ray is irradiated, a time period for the
readout processing and a time period for the sample and
hold, from the frame interval.

23. The apparatus according to claim 19, wherein said
control unit controls the value-output circuit so that the
value-output circuit outputs the predetermined digital refer-
ence value in advance before imaging the object.

24. The apparatus according to claim 16, wherein the
correction circuit comprises a D/A converter, which applies
the analog correction value signal which is obtained from
the predetermined digital reference value and the digital
reference value and D/A converted, to an input of the A/D
converter of the value-output circuit.

25. The apparatus according to claim 24, wherein the
circuit comprises a plurality of the A/D converters, and
wherein the correction circuit comprises a plurality of the
D/A converters corresponding to respective ones of the A/D
converters.

26. The apparatus according to claim 25, wherein the
plurality of the pixel circuits are arranged over a plurality of
semiconductor substrates, and wherein the plurality of the
A/D converters are arranged corresponding to the plurality
of the semiconductor substrates.

27. The apparatus according to claim 16, further com-
prising the X-ray tube.

28. The apparatus according to claim 16, wherein the
value-output circuit further comprises an amplifier for
amplifying the analog signal and the analog reference signal,
and

wherein the A/D converter outputs the digital measure-

ment value which is A/D converted based on the
amplified analog signal provided by the amplifier or
based on the digital reference value which is A/D
converted based on the amplified analog signal pro-
vided by the amplifier, and

wherein the correction circuit comprises a D/A converter

for applying the analog correction value signal which is
obtained based on the digital reference value and the
predetermined digital reference value and D/A con-
verted, to an input of the amplifier.

29. The apparatus according to claim 28, wherein the
value-output circuit comprises a plurality of the amplifiers
and a plurality of the D/A converters, and

wherein the correction circuit comprises a plurality of the

D/A converters corresponding to respective ones of the
plurality of A/D converters.

30. The apparatus according to claim 29, wherein the
plurality of pixel circuits are arranged over a plurality of
semiconductor substrates, and

wherein the plurality of amplifiers and the plurality of

A/D converters are arranged corresponding to respec-
tive ones of the plurality of semiconductor substrates.
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